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TAILORING RESIDUAL STRESS AND HARDNESS 
DURING DIRECT METAL DEPOSITION 



Reference to Related Applications 

This application claims priority of U.S. provisional application Serial No. 

60/142,126, filed July 2, 1999, and is a continuation-in-part of U.S. patent application Serial 

No. 09/107,912, filed April 10, 1997, the contents of both of which are incorporated herein 

A 

5 by reference. 



Field of the Invention 
This invention relates generally to direct metal deposition (DMD) and, more 
particularly, to apparatus and methods for reducing residual stress accumulation and 
tailoring the hardness of components fabricated using DMD. 

10 Background of the Invention 

With direct-metal deposition, or DMD, a laser-aided, computer-controlled system 
applies layers of material on a substrate to fabricate an object or to provide a cladding layer. 
Preferably, the DMD system is equipped with feedback monitoring to control the dimensions 
and overall geometry of the fabricated article in accordance with a computer-aided design 

15 (CAD) description. The deposition tool path is generated by a computer-aided 
manufacturing (CAM) system for CNC machining, with post-processing software for 
deposition, instead of software for removal as in conventional CNC machining. 
Background for the laser-aided DMD process can be found in "Laser Material Processing," 
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W. M. Steen, 1998 Springer, and in U.S. patent application Serial No. 09/107,912, filed 

April 10, 1997, which is incorporated herein by reference. 

During the process of laser-aided DMD, whether for cladding or product fabrication, 

residual stresses may accumulate and lead to distortion and premature failure of the finished 
5 article during its use or operation. When the accumulated residual stresses exceed the yield 

strength of the material, cracking often occurs during the fabrication process. Thermal 

expansion and sometimes phase transformation are the main contributors to residual stress. 

Most steels, for example, change from austenite with face-centered cubic structure (FCC) to 

martensite with body-centered tetragonal crystal structure (BCT) above a certain critical 
10 cooling rate. The specific volume of BCT is 4% higher than that of FCC, and therefore 

martensitic transformation produces considerable stress. 

Although there are several techniques for post-mortem, i.e., after fabrication or after 

failure, measurement of stress accumulation, these techniques are not timely and do not save 

the product. To alleviate the problem, periodic heat treatment is often needed. On the other 
1 5 hand, for cyclic loading applications, compressive residual stress improves the service life. 

Location and relative magnitude of stress are also important for the control of distortion. 

Residual stress also influences hardness. Therefore, a method for tailoring the magnitude, 

location and direction of residual stress has a considerable potential to influence the service 

life and quality of components manufactured by DMD. 



20 



Summary of the Invention 
Direct-metal deposition (DMD) is achieved by melting powders with a laser having a 

2 




POM- 12302/29 
03006sh 

well-defined thermal field. The DMD process may be used to fabricate three-dimensional 
components by depositing successive layers in accordance with instructions from a 
CAD/CAM program. Broadly, this invention recognizes that without the powder, the laser 
beam, or an additional beam, may be deployed as a localized heat treatment tool instead of a 
5 deposition tool. The use of laser energy during the process can minimize, if not eliminate, 
the periodic heat treatments now required for stress alleviation, thereby compressing the 
DMD fabrication cycle. 

In alternative embodiments, the laser in the DMD process can be utilized for 
controlling residual stress in at least the following ways: 
10 1 ) Every deposition run may be followed by a dry (i.e., without powder) run of 

one or more intensities to manipulate the stress magnitude and location; or 

2) Since it is well known that residual stress is a function of cooling rate, a 
plurality of laser beams may be used to control the cooling rate of the deposited layer. 

Brief Description of the Drawings 
15 FIGURE 1 is a schematic diagram of a laser-aided direct-metal deposition (DMD) 

system; 

FIGURE 2 is a drawing used to show X-ray diffraction measurement locations in a 
workpiece; 

FIGURE 3 is a graph which shows the effect of power on residual stress at defocus 

20 0.45" 

FIGURE 4 is a graph which shows the effect of the number of reheat cycles on 
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residual stress at a speed of 1 1.76 ipm; 

FIGURE 5 is a graph which illustrates the effect of defocus on residual stress at a 
power level 170 W; and 

FIGURE 6 is a graph which shows the effect of speed on residual stress at reheat 
5 "Once." 

Detailed Description of the Invention 
Making reference to Figure 1, laser-aided, computer controlled direct material 
deposition (DMD) system 10 applies layers of material 20 on a substrate 30 to fabricate an 
object or cladding. The system is preferably equipped with feedback monitoring to control 
10 of the dimensions and overall geometry of the fabricated article. The geometry of the article 
is provided by a computer-aided design (CAD) system. 

The deposition tool path is generated by a computer-aided manufacturing (CAM) 
system for CNC machining with post-processing software for deposition, instead of software 
for removal as in conventional CNC machining. CAM software interfaces with a feedback 
15 controller 104. These details of the laser-aided, computer controlled direct material 
deposition system can be found in U.S. patent application Serial No. 09/107,912, which is 
fully incorporated herein by reference, and are not all explicitly shown in Figure 1 . 

The factors that affect the dimensions of material deposition include laser power, 
beam diameter, temporal and spatial distribution of the beam, interaction time, and powder 
20 flow rate. Adequate monitoring and control of laser power, in particular, has a critical effect 
on the ability to fabricate completed parts and products with complex geometries and within 
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control tolerances. Accordingly, the feedback controller 80 of the direct material deposition 
system typically cooperates directly with the numerical controller 90, which, itself, controls 
all functions of the direct material deposition system, including laser power. 

The laser source 1 10 of the DMD system is mounted above the substrate 30 and a 
5 layer of material 20 is deposited according to the description of the object. The laser has 
sufficient density to create a melt pool with the desired composition of substrate or 
previously deposited layer and cladding powder. The cladding powder, typically metallic, is 
sprayed on the substrate preferably through a laser spray nozzle with a concentric opening 
for the laser beam, as described in U.S. Patent No. 4,724,299, so that the powder exits the 

1 0 nozzle co-axially with the beam. 

A numerical controller 1 08 controls all operating components of the DMD system of 
Figure 1, including the operating conditions of the laser, receiving direction from the CAD/ 
CAM system 106 for building the part or product. The numerical controller 108 also 
receives feedback control signals from the feedback controller 104 to adjust laser power 

1 5 output, and further controls the relative position of the substrate and laser spray nozzle. The 
CAD/CAM system 106 is equipped with software which enables it to generate a path across 
the substrate for material deposition. 

Residual stress accumulation and hardness of components fabricated by direct metal 
deposition (DMD) are important parameters for post processing and service life of the 

20 finished component. Excessive stress accumulation during the process can lead to failure of 
the component. Thermal stress is responsible for residual stress accumulation in most 
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materials. For ferrous metals, martensitic transformation contributes additional stress. 
Clearly, management of stress accumulation during the direct material deposition process is 
critical for the production of non-defective components with close tolerances and precise 
dimensions. 

5 The production of H 1 3 tool steel samples/parts using laser-aided DMD will be used 

to illustrate the ways in which the invention manages residual stress buildup. In these 
examples, the same laser used for powder melting is used for heat treatment. However, it 
will be apparent to one of skill in the art that the inventive concepts disclosed herein are 
equally applicable to other materials, including other metals and alloys, and that one or more 
1 0 lasers in addition to the beam used for deposition may be employed to speed fabrication. In 
particular, the beam used for melt-pool creation may be "followed" by one or more other 

I s 

beams, thereby obviating the need to retrace the deposition path with a dry run. 

O 

S; The high magnitude of residual stress entrapment in the sample is a major 



as 



impediment to the fabrication of HI 3 tool steel components using the DMD process. To 
1 5 minimize this residual stress accumulation, the common practice is, after making a specified 
number of layers, to temporarily terminate deposition to carry out a stress relieving 
operation. This shifting between deposition and stress-relieving processes continues until the 
sample is completed. Occasionally the stress relieving operations degrade some other 
important material properties such as the strength of the fabricated part in addition to 
20 prolonging the processing time. However, according to the invention, by reheating each 
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layer using the same laser, or one or more additional lasers at a lower power density, residual 
stress buildup is reduced substantially. 

In the preferred embodiment, a reheating cycle is carried out after depositing each 
layer. During this reheating process the beam is preferably defocused used to ensure that 
5 power density does not reach that level when remelting might occur in the deposited 
material. The process continues until the completion of making the sample. 

Example 

A continuous-wave CO2 laser was used in the pulse mode for fabricating samples in 

j;f accordance with the invention. The dimension of each sample was 1" x 0.5" x 0.5". It is 

O 

}Yj 1 0 worthwhile to mention here that the objective for this experiment was to determine whether 

SI in-process laser reheating is effective or not in minimizing the residual stress. Another goal 

as 

was to determine how laser power, defocus, travel speed and number of reheating cycle 
j J j affect the residual stress buildup in the sample. Thus, for each deposition cycle, all 

parameters were kept the same for the entire experiment, and the statistical design of 
15 experiment was based on the parameters used for reheating only. In actual practice, the 
fixed parameters may be varied in accordance with desired material characteristics. 
The parameters used for the deposition are given in Table 1 



Power (actual) 


Travel speed 


Mass flow rate 


z-increment 


Defocus 


W 


ipm 


gm/min 


in 


in 


400 


26.40 


6 


0.01 


0.02 



20 Table 1 : Parameters used for deposition cycle 
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For deposition purposes, helium was used for both shield and delivery gas. Gas flow 
rate for shielding purposes was 30 cufth while it was 15 cufth for delivery. Mild steel was 
used as the substrate for this experiment. 

For reheating the design matrix is given in Table 2: 



5 





Sample 


Sample 


Power 


Reheat 


Beam Dia 


Defocus 


Speed ipm 


Max P. 




# 


Id 


w 




in inch 


Inch 




Strs. 




1 


1R 


170 


Once 


0.0346 


0.45 


11.7602 


2.316667 




2 


2R 


170 


Once 


0.0653 


0.65 


20.54045 


8.666667 




3 


3R 


170 


Once 


0.0830 


0.85 


29.3207 


16.96667 




4 


4R 


170 


Twice 


0.0346 


0.45 


20.54045 


4.35 




5 


5R 


170 


Twice 


0.0653 


0.65 


29.3207 


1.966667 




6 


6R 


170 


Twice 


0.0830 


0.85 


11.7602 


5.666667 


□ 


7 


7R 


170 


Twice 


0.0346 


0.45 


29.3207 


7.616667 


SB 


8 


8R 


170 


Twice 


0.0653 


0.65 


11.7602 


14.46667 


m 


9 


9R 


170 


Twice 


0.0830 


0.85 


20.54045 


19.46667 




10 


10R 


260 


Once 


0.0346 


0.45 


29.3207 


13.56667 




11 


11R 


260 


Once 


0.0653 


0.65 


11.7602 


0.883333 


r\ 

-.sar 


12 


12R 


260 


Once 


0.0830 


0.85 


20.54045 


7.7 


01 


13 


13R 


260 


Twice 


0.0346 


0.45 


11.7602 


20.03333 




14 


14R 


260 


Twice 


0.0653 


0.65 


20.54045 


6.066667 




15 


15R 


260 


Twice 


0.0830 


0.85 


29.3207 


12.96667 


5_J 


16 


16R 


260 


Twice 


0.0346 


0.45 


20.54045 


15.16667 




17 


17R 


260 


Twice 


0.0653 


0.65 


29.3207 


1.75 




18 


18R 


260 


Twice 


0.0830 


0.85 


11.7602 


9.583333 




19 


19NR 












15.78333 




20 


20NR 












20.43333 




21 


21NR 












20.31667 



Table 2: Parameters and their levels used for reheat cycle 



10 A commercially available statistical package, JMP, was used for determining the 

desired kind of design matrix. It was a mixed design as there are 2 factors with 2 levels and 
2 factors for 3 levels. According to this design, 18 total runs were used to find contrasts 
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between all the main effects and only 3 cross-factor effects. This design was simple enough 
to serve our purpose. Total number of samples for this experiment was 27 i.e. another 9 
sample were made that were not included in this mixed design matrix. Out of these extra 9 
samples, 3 samples were made without reheating, another 5 with reheat plus insulation 
5 (wood was used under the mild steel substrate so that over all temperature.during making of 
the samples may be kept at higher level). Finally, a single sample was made using only 
insulation but no reheating to see how insulation affects the residual stress accumulation in 
the sample. 

The measurement of the surface residual stress of the DMD HI 3 steel specimens (27 
10 in total) was conducted by Lambda Research Inc. In this regard, an x-ray diffraction 

|T = 

Q technique was employed for the assessment of the surface residual stresses at six locations as 

a shown in Figure 2. It is assumed that the measurement of the surface residual stresses at 

@* these six critical locations is sufficient to have an idea about the overall residual stress 

y 

y conditions in the sample. Longitudinal, 45-deg., and transverse residual stresses were 

ill 

™ 1 5 measured at these locations for all of the twenty-four samples. These three components of 
residual stresses were then combined employing Mohr's Circle for determining the 
maximum principal stress, minimum principal stress and maximum shear stress. Among the 
principal and shear stresses, it is particularly important that maximum principal stress be kept 
as low as possible at all locations and as such it is the focal point of this report. 
20 It is clear from Table 3 that reheating indeed reduced the principal residual stresses in 

the HI 3 DMD samples. 
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# of Samples 


Category 


Average Stress 
in ksi 


18 


All reheated 


9.4 


3 


All reheating 


6.04 


3 


No reheating 


18.84 



Table 3: Comparison of Principal Maximum residual stress between reheated and non- 
reheated samples. 

5 

In Table 3, two comparisons have been made. One with the non-reheated samples (3 
samples) versus the whole reheated matrix (18 samples). But all these 1 8 samples were not 
made under the identical situation but all of these samples were reheated. Thus for better 
comparison, 3 reheated samples were compared with 3 non-reheated samples that were made 

1 0 using identical parameters except the reheating operation for former three samples. 

Our next goal was to identify the parameter/parameters that have more influence than 
others to reduce the residual stress buildup in the DMD samples. In this experiment total 4 
variables were under scrutiny. There are: laser power. Travel speed defocus and number of 
reheating cycle (in essence time of reheating). Statistical analysis for determining the effects 

15 of these variables is given below. Table 4 shows the statistical significant of each of this 
variable. Although different variable has varying amount of effect, none of them came out to 
be statically significant when 5% error rate is considered. 
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Tests of Between-Subjects Effects 



Dependent Variable: PS_MAX 



Source 


Type III 
Sum of 
Squares 


df 


Mean 
Square 


F 


Sig. 


uorrectea Moaei 


153.566 a 


6 


25.594 


.562 


.752 


Intercept 


1335.903 


1 


1335.903 


29.344 


.000 


POWER 


2.159 


1 


2.159 


.047 


.832 


REHEAT 


9.923 


1 


9.923 


.218 


.650 


DEFOCUS 


134.898 


2 


67.449 


1.482 


.269 


SPEED 


6.587 


2 


3.294 


.072 


.931 


Error 


500.779 


11 


45.525 






Total 


2244.825 


18 








Corrected Total 


654.345 


17 









a - R Squared = .235 (Adjusted R Squared = -.183) 



Table 4: ANOVA Table for testing statistical significance of the variables 

The same results may be shown graphically using the profile plots that are given 
from Figures 3 through Figure 6. 
5 We claim: 
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